INTRODUCTION
In the present work, we evaluate the potential improvement of the magnetostrictive behaviour obtained by directional solidification of a Fe-Al-B alloy to be employed as part of sensors and actuators. Many devices use magnetostrictive alloys and there is always a demand for more robust, easy processing and cheaper materials. A common example of application is a magnetostrictive delay line (MDL) that uses a thin magnetostrictive ribbon to measure force, magnetic field and displacement of a magnet [1] . In addition, there are torque sensors using magnetostrictive material, usually connected to crankshaft pivots and power supply shafts in motors [2] . In both cases, it is fundamental that the magnetostrictive material exhibit good magneto-mechanical coupling and actuating performance to have a high sensitivity. In addition, good mechanical properties are desirable to be mechanically conformed in many shapes and sizes depending on the application.
The magnetostrictive behaviour of the Fe-Al alloys was first studied in 1958 and the single crystal sample with the highest magnetostriction of 100 ppm was found for the composition of 19% of aluminium, a partially ordered alloy [3] . The ordering process has an important influence on the values of the saturation magnetostriction [3] [4]. The saturation magnetostriction depends strongly on the cooling rates applied to the alloy after annealing. These velocities control the stabilization of the quantities of disordered α-phase and ordered Fe 3 Al phase existing in the sample [4] .
For instance, the ordered phase Fe 3 Al that has a D03 structure is more stable at temperatures lower than 600°C and atomic aluminum percentages lower than 20%, while the disordered α-phase that has A2 structure is more stable above this temperature and below 20%.
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The addition of boron proved to be efficient on increasing the total magnetostriction of a Fe 80 Al 20 polycrystalline alloy. A maximum magnetostriction was found for 3% of boron with an increase of 2.5 times if compared with a undoped sample alloy with the same composition. [5] [6] .
The increase of magnetostriction of the Fe 72 Ga 28 alloy doped with 1% of boron is very similar to the one observed in the mentioned Fe-Al boron doped alloy. The total saturation magnetostriction of Fe 72 Ga 28 increases 2.2 times [7] .
Chemical analysis using wavelength-dispersive spectroscopy (WDS) show that the boron atoms do not enter in the cubic lattice of the (Fe 0.8 Al 0.2 ) 97 B 3 alloy and this founding is in agreement with the fact that the lattice parameter do not change with the boron addition [6] . In fact, computational modelling of the Fe-Al-B alloy with a B2 structure shows that the total energy of the system tends to increase when boron atoms enter in the matrix sites and interstices [8] . The B2 structure is also cubic and is a parent structure of A2 and D03. This calculation shows that the segregation of boron atoms at the grain boundaries is energetically favourable. The decrease of the energy happens particularly if boron occupies positions that have an iron atom as a first neighbour, favouring then the formation of the Fe 2 B at the grain boundary. This is exactly the situation observed for the Fe-Al and Fe-Ga alloys [5] [6] [7] . However, Fe 72 Ga 28 alloy doped with 1% of boron shows an increase of the crystal lattice of both A2 and D03 structures, indicating that this small atom may enter interstitially in the crystal structure of this material [7] .
Concerning the microstructures, they are very similar for alloys (Fe 0.8 Al 0.2 ) 97 B 3 and (Fe 0.72 Ga 0.28 ) 99 B 1 . In addition to the formation of the second phase Fe 2 B, the coexistence of A2 and D03 structures is another important feature. In both systems, it is clear that boron modifies the solubility limits between these two cubic phases [5] [7] 4 [9] , leading to a similar effect than the one caused by different cooling rates applied after annealing.
It is established that in Fe-Ga alloys, the intergranular segregation of the Fe 2 B alloy increases the cohesion of the grain boundary and enhance the dislocation movement, promoting cross slip and eliminating the stress localized at the grain boundary, changing the fracture nature from intergranular for transgranular [9] . Due to the similarity of Fe-Al-B and Fe-Ga-B alloys, an improvement of mechanical properties is also expected for Fe-Al-B alloys.
The goal of the present work is to evaluate the magneto-mechanical behavior of the directly solidified (DS) alloy Fe-Al-B. The directional solidification is used in order to try to enhance the magnetostriction, by the formation of a favourable texture, close to <100> in the direction of solidification. conditions [10] . These coefficients are also known as piezomagnetic coefficients.
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EXPERIMENTAL SETUP
The sample was melt using iron, aluminium and boron with high purity (< 99.9%) in an arc furnace in argon atmosphere to get an ingot of 40 g. To achieve a good homogenization, the sample was melted four times and heat treated at 1100°C for 24 hours.
After the annealing, the ingot was subjected to a hot swaging at 1100°C until reach a diameter of 6.35 mm, to fit in the alumina tube of the directional solidification system.
The swaged ingot was directionally solidified (DS) using a vertical Bridgman technique and a solidification speed of 150 mm/h. After the magnetic characterization, the microstructure and the X-ray diffraction pattern of the sample were analysed in a transverse disk cut from exact place where the strain gauge was glued. The disks were properly prepared by standard metallographic preparation and the microstructure was analysed by a scanning electron microscopy (SEM) in a HITACHI (TM 3000 model), in the backscattered electrons mode.
X-ray diffraction experiments were performed in a Shimadzu diffractometer (XRD-6000 model) using molybdenum radiation on the same samples prepared for microscopy analyses.
The measurement of the texture of the transverse and longitudinal sections of the DS rod in the region of the magnetic measurements was performed by means of electron backscattering diffraction (EBSD). A Hitachi S-3400N scanning electron microscope was used (EDAX AMETEK).
Boron atomic concentration was determined by atomic absorption technique in an
Analyst 800 from Perkin Elmer. The compressive stress introduces an extrinsic anisotropy in the material, hindering the rotation of the magnetic moments in the magnetic field direction. The consequence of this is the decrease of the slope of the B vs H curves, showed in Fig. 4, i.e. the magnetic permeability reduces as the compressive stress increases and the curves for higher σ values saturate at higher fields. Fig. 5 shows the calculated curves of the relative permeability obtained from the data of B vs H of Fig. 4 . Therefore, the material needs a higher magnetic field to achieve the magnetic saturation when the compressive stress increases. The same behaviour is observed for GALFENOL and TERFENOL For σ ≤ 16 MPa, the stress is not suficiently strong to completly aligne <100>
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oriented domains perpendicular to the axis of the rod, in the basal plane. This regime is fully directed by the magnetocrystalline anisotropy and depends also the saturation magnetization of the material. However for σ > 16 MPa, the external applied stress is high enough to pin <100> oriented domains in the basal plane and as the field is increased the susceptibility increases steadly from zero to a maximum value at a determined field that is the field necessary to overcome the stress anisotropy. In this region the domain rotation is therefore stress dependent. In Fe-Ga alloy with 18.6% of Ga, the same behavior is observed and is associated to relatively high values of anisotropy constant (17.5 kJ/m 3 ) of this Fe-Ga alloy [13] . In that case the double peak appears already for σ> 7 MPa. The DS Fe-Al-B alloy matrix, has 21% of Al in atomic and the anisotropy constant found in the literature are K1 = 14.0 kJ/m [3] . As the Fe 2 B phase has a high initial susceptibility, the composite αFe-Al + Fe 2 B has a susceptibility that is higher than the susceptibility of the pure α-phase at low fields [16] .
This improvement on the initial susceptibility can be the reason for a higher stress achieved in the single peak region of the Fe-Al-B alloy (16 MPa) compared to Fe-Ga alloy (7MPa) at low fields. Therefore the Fe 2 B phase softens the Fe-Al alloy. The directional solidification improved the longitudinal magnetostriction for σ = 0 increasing from 50 ppm in the polycrystalline Fe-Al-B alloy [5] to 69 ppm to the DS alloy 1 . The field at which the magnetostriction saturates increases as the compression stress increases and the fully saturated state was not reached. However, the application of compression did not increase the saturation magnetostriction as happens in Fe-Ga alloys [13] . This may be due to the fact that the domain distribution is already saturated so that the saturation of magnetostriction due to compression is already reached.
To determine the actuation sensitivity coefficient d33 = dλ/dH σ , the derivatives of the curves of magnetostriction vs applied field of Fig. 6 were calculated and the resulting curves are displayed in Fig. 7 .
According to Fig. 7 , the actuation sensitivity coefficient d33 is antisymmetric respect to the axis H = 0 and presents maxima values for fields ± H max , as indicated particularly for σ = 80 MPa. The value of maximum d33 drops and H max grows as the compressive stress increases. Therefore, the material will need a higher magnetic field to achieve the best actuation coefficient. Actuation sensitivity greater than 5 nm/A occurs for H < 7.5 kA/m and σ ≤ 80 MPa. brings a benefit to the magnetomechanical performance because it improves the susceptibility of the alloy at low fields [13] .
Nevertheless, the more crucial parameter in the magnetomechanical performance is the texture. Recently, a sensitivity of 3 kA.m -1 /MPa was obtained for a polycrystalline FeAl-B alloy [13] with comparable composition of the actual DS alloy. Therefore, an 
